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INTRODUCTION
The incorporation of lanthanide and actinide ions into molten glasses at high temperatures normally precludes the formation of multiple oxidation states for an element. In most cases, these high-temperatures preparations yield a reproducible, characteristic oxidation state that is the most stable under the specific conditions. Strongly reactive conditions (e.g., oxidizing or reducing atmospheres, chemical additives, acidity/basicity of the glass, etc .) can potentially affect the oxidation state when different oxidation states exist for an element which are not too dissimilar in stability. When incorporating a lanthanide (e.g., for optical components -laser applications)2 or an actinide (e.g., for waste disposal application^)^ in a glass, it may be of fundamental or technological interest to obtain a different oxidation state in a glass besides the state most commonly encountered. One method to obtain accomplish this for a multi-valent element is by sol-gel technology, which avoids a high-temperature synthesis step.
The sol-gel method for preparing a silica matrix allows great control of the chemistry during the formation of the solidified r n a t r i~.~ The simplicity and ambient synthetic temperatures of this method permits incorporation of different oxidation states of the metal ion into a silica-type matrix. To form a silica matrix free of residual solvents, following solidification the sol-gel sample must go through a densification process, which is normally achieved by controlled heating to elevated temperatures. The retention and/or the change of the element's oxidation state during this process then becomes important and must be considered when employing sol-gel technology to prepare glasses e incorporated into solid sol-gel matrices, and the resulting samples studied using optical absorption spectroscopy. This spectral approach provides a convenient method of investigating the valance states of these actinides as a function of experimental parameter^.^.^ In addition, since the actinide ions exhibit characteristic spectral features reflecting their electronic nature, bonding, coordination, etc., examination of the spectra can ascertain important fundamental aspects of the element in the different matrices. Discussed here are the oxidation states of plutonium and neptunium attained in sol-gel glasses, followed as a function of the solidification process, subsequent aging and thermal treatments. These results are compared to the oxidation states displayed by these elements when dissolved in two molten glass formulations.
In this investigation, several oxidation states of plutonium and neptunium were individually
EXPERIMENTAL
The synthesis of the different glasses employed Np-237 and Pu-242 as starting materials, which were purified by standard ion exchange techniques. The specific oxidation state of each actinide in the starting solutions was obtained through the use of oxidants or reductants. The sol-gel glasses were synthesized by mixing solutions of each actinide ion in dilute HCl or HN03 with equal volumes of methanol and tetramethylorthosilicate in small glass cylinders with open but restricted tops (to control solvent evaporation). Following 24-48 hours, a clear, glass-like product was formed. The solid samples were readily removed from the cylinders and portions placed in glass tubes designed in-house for our spectroscopic measurements. The coloration of each glass product reflected the oxidation state of the actinide present.
Heat treatment of the sol-gel produced samples was accomplished using a conventional resistance furnace. Care must be exercised during the heating to avoid a decrease in transparency, probably due to the formation of microfissures and/or traces of trapped solvent and/or gases within the glass. These sol-gel samples were not melted and the maximum temperature of the thermal annealing studies was 800OC.
number: 66181). The light was focused through the sample, which was placed on a microscope stage for the monochromator (Nachet model number NS-400). The double-meter monochromator (Jobin YvodInstruments SA model number Ramanor HG. 2s spectrophotometer) has a resolution of 0.5 cm-' at 514.5 nm. The light dispersed by the monochromator was detected by a photon counting system. This system included a cooled
The light source for absorbance measurements consisted of a xenon-arc lamp (Oriel, model photomultiplier tube (Hamamatsu, model number: R636) and multichannel analyzer (Nicolet, model number: 1170) interfaced with a PC using "Spectra Calc" software.
RESULTS
This work investigated the oxidation states displayed by f-elements in sol-gel glasses in terms of the individual elements' fundamental science; specifically, which oxidation states of plutonium and neptunium could be incorporated into a glass matrix through the use of a sol-gel method of preparation. Each actinide ion studied in this matrix, before and after thermal treatment, is discussed individually. Results of heating the sol-gel samples for densification, which approached temperatures employed in forming low-melting glasses (e.g . , 850°C), generated the tetravalent state of these actinides; it is the preferred state in the glasses studied and was also the oxidation state observed for these actinides when their dioxides were dissolved in molten glasses.
PlutoniumcVI)
When Pu (VI) was combined with the components for forming a sol-gel glass, the hexavalent state of plutonium was retained in the glass containing following solidification. The absorption spectrum of the glass (Figure la glass, as shown by the characteristic absorption of Pu(V1) near 8301m.~ The two features seen (at 830nm & 836nm) both result from Pu(VI), and this splitting can be correlated with a variation in the complexation of the Pu(VI).7 The absorption spectrum (Figure la) also exhibited absorption maxima at 476nm, 545nm, 660nm, 740nm, and 8001x11, which are characteristic of Pu(IV).' Thus, while Pu(V1) was incorporated in the sol-gel glass matrix, some plutonium also existed in the tetravalent state. A portion of this product formed at ambient temperatures was heated to 100°C and then cooled to room temperature. The heating improved the quality of the absorption spectrum (lower noise, better peak definition), possibility due to the evaporation of residual solvent materials. In the 25°C absorption spectrum obtained after this heating (Figure lb) , the main feature at 830nm can again be assigned to Pu(V1);the second feature of Pu(VI) at 836nm has disappeared. The disappearance of this latter peak may reflect plutonium's complexation by solventshol-gel precursors present in the unheated solid. The absorption features assigned to Pu(1V) (Figure la) are diminished in Figure lb . The strong, characteristic feature of Pu(IV) at 476nm has disappeared and weak absorption maxima at 740nm, 800nm, and between 600 and 700nm are apparent. These differences may reflect a reduction in the Pu(1V) or be due to variations in intensity, and broadening of features, due to "complexation" of F'U(IV).*,~ Another portion of this sol-gel sample was heated up to 800°C and its absorption spectrum at ambient temperature is shown in Figure IC . In this spectrum, the absence of absorption features in the 830nm region indicates reduction of pU(V1) has occurred. The remaining spectral features can be matched with those in Figure lb , which are associated with "complexed" Pu(IV), although extensive broadening of the peaks has occurred. The absorption spectrum of this sample, which has been heated to 800"C, shows complete conversion of Pu(V1) to Pu(IV), and the plutonium present is now all tetravalent.
'igure 2.
Absorption spectra of sol-gel glass synthesized with Pu(III) following synthesis (a); following 12 hr storage in humid environment (b); heated to 100°C (c); heated to 800°C (d).
Plutonium(II1)
An aqueous sample of plutonium(1II) was used to prepare a sol-gel glass; this synthesis resulted in the formation of a blue-violet glass (characteristic color of Pu(II1). This oxidation state of plutonium in the sol-gel glass exhibited variable stability of during storage. The material normally appeared to be stable when stored in a flowing-air glove box environment at room temperatures (up to a year), but on some occasions acquired a green to brown tint characteristic of Pu(1V). The best correlation of these changes suggested that moisture played a role in the loss of Pu(II1) on aging. Storage under vacuum permitted complete retention of the Pu(II1) state in he glass with time. The absorption spectrum of the Pu(II1) glass shortly after the solidification process is shown in Figure 2a . The spectrum is comprised of features arising from Pu(II1) (absorption maxima at 560nm, (absorption maxima at wavelengths of 476nm, 660nm, 740nm, and 800m1).~ brown colored glass, which gave the absorption spectrum shown in Figure 2b . In this spectrum the features associated with Pu(II1) are no longer apparent, while those associated with Pu(IV) are pronounced. Thus, although Pu(II1) could be incorporated into a sol-gel glass, care must be exercised to be able to retain this oxidation state, even at ambient temperatures, as it is susceptible toward oxidation to Pu(1V).
of the glass rapidly changed, indicated the loss of Pu(II1). This was confirmed by the absorption spectrum exhibited by the sample (Figure 2c ). The absorption spectrum at 25'C shows maxima between 600 and 700nm, and also near 740 and 800nm, which correspond to a "complexed" form of Pu(IV), discussed Thus, the Pu(II1) in the initial material was unstable with respect to being oxidized to Pu(IV) at temperatures as low as to 100°C.
Another portion of the initial Pu(II1) sol-gel sample was heated to 800°C for two hours and then cooled slowly to 25°C. The absorption spectrum recorded for this sample is shown in Figure 2d . The absorption maxima seen in this spectrum are essentially identical to those exhibited by this glass after heating to 100°C; additional changes in the Pu(1V) spectrum did After storage of some samples in humid air, the violet-blue glass turned to a yellowish-A small portion of the violet-blue, sol-gel glass was heated 100°C. Upon heating the color Absorption spectra exhibited by sol-gel glass synthesized with Np(V1) following synthesis. not occur in heating between 100 and 800°C.
Neptunium(V1)
Neptunium(V1) was incorporated into a sol-gel matrix at ambient temperature by this sol-gel technique. The absorption spectrum of the solidified glass (Figure 3 ) exhibits a broad feature near 555nm, which can be assigned to NP(VI).~ Two features associated with Np(V) can also be identified in the absorption spectrum at 476nm and 66011m.~ and three other features wavelengths of 687nm, 726nm and 77 lnm, correspond with absorption characteristic of Np(1V). Thus, Np(V1) was introduced and retained through the gelation process of the glass components but some Np(V) and Np(1V) were also found in the product.
Neptunium(V)
Neptunium(V) was incorporated into a sol-gel matrix at room temperature using this solgel technique. The absorption spectrum exhibited by this glass sample is displayed in Figure  4a . Absorption maxima at 620 and 470nm indicate that the Np(V) was retained in the glass , although a weak, broad absorbance at 555nm implies the possible presence of a small amount of NP(VI).~ Three features assigned to Np(1V) are apparent in this spectrum at 687nm, 726 nm and 771 nm. The amounts of Np(V1) and Np(1V) are quite small and the primary oxidation state in this glass is Np(V).
Separate portions of the two different glass products containing Np (VI) and Np(V) were examined after each had been heated to 100°C in air and cooled to ambient temperature. The absorption spectra obtained for each improved over those obtained after gelation at 25°C; both retained the primary oxidation state introduced into the gel. The absorption in Figure 4b shows the spectrum of the Np(V) product after 100°C. The features in the spectrum correspond primarily to the pentavalent state of neptunium. The reduction of the broad feature at 550nm suggests little, in any, Np(V1) exists in the sample. The Np(1V) features present in the spectrum appear to be undergoing a broadening as noted for Pu(1V); some form of "complexation" has affected the absorbance. The features at 687, 726, and 771 nm, while still apparent, are diminished in comparison to absorption features characteristic of Np(1V). Therefore it can be surmised that while Np(V) and Np (VI) are stable at temperatures up to 100°C in the sol-gel matrix, Np(V1) and Np(V) are less stable than Np(IV). While Np (IV) is retained, it also is undergoing some form of "complexation" or crystal field effects that affect its broadness of its absorption spectrum.
After heating of a portion of this glass to SOO"C, the absorption spectrum of the product (Figure 4c ) now exhibits only the spectral features characteristic of Np(1V). The spectrum exhibits a broadened profile characteristic of the absorption peaks seen for plutonium sol-gel glasses that had been heated. Very broad features at 550nm, 600nm, and about 725nm indicate that the majority, or all, of the neptunium is tetravalent.'0"' A slight feature centered at 615nm could suggest the presence of a small very amount of Np(Vf, but it is assumed this may not represent Np(V1). Hich Temperature Silicate G lasses
Glasses of neptunium and plutonium prepared at elevated temperatures were also examined spectroscopically for comparison with glasses prepared via the sol-gel route. These glasses were prepared by dissolving the dioxides of neptunium and plutonium in two different molten silicate-type glass at 850" and 145OoC, and then cooling to the materials to room temperature. Both actinides in these glasses exhibited only their tetravalent oxidation states. However, small differences in the spectra of obtained from the sol-gel procedure and by dissolution of the actinide into the molten glasses can be noted. They are believed to reflect "complexation" or crystal field effects of the actinides. An in-depth analysis of these differences for the matrices will be a topic of future work. The important point to be made here is that glasses prepared or heated at temperatures at or above 800°C contained only tetravalent neptunium and plutonium.
CONCLUSIONS
A sol-gel technique was able to generate glass matrices containing different oxidation states of plutonium and neptunium, where only the tetravalent states of these actinides were obtained in glasses prepared using molten glasses. The oxidation states of these two actinides in the different starting aqueous solutions, for the most part, appeared to be maintained in the sol-gel glasses formed at 25OC. However, heating these glass matrices to elevated temperatures resulted in the eventual formation of tetravalent neptunium and plutonium in the products. Examination of the absorption spectra obtained from these glasses with tetravalent neptunium and plutonium suggests some differences exist in the local environment afforded for each of the actinides (e.g., complexation, crystal fields; coordination, etc.).
Regarding the stability of these actinides in the glasses studied, the tetravalent state is clearly the most stable oxidation state of these two actinides in these glass environments, although the glasses varied considerably in their compositions. The trivalent state of plutonium in the sol-gel glass prepared at ambient temperatures was the least stable. Although the sol-gel approach for preparing glasses at ambient temperature allows one to attain different oxidation states of neptunium and plutonium in glasses at 25OC, only the most stable, the tetravalent state, of these elements is likely to be of interest for immobilization purposes.
